Ventricular trabeculation and compaction are two essential morphogenetic events for generating a functionally competent ventricular wall. A significant reduction in trabeculation is usually associated with hypoplastic wall and ventricular compact zone deficiencies, which commonly leads to embryonic heart failure and early embryonic lethality. In contrast, the arrest of ventricular wall compaction (noncompaction) is believed to be causative to the left ventricular noncompaction (LVNC), a genetically heterogeneous disorder and the third most common cardiomyopathy among pediatric patients. After critically reviewing recent findings from genetically engineered mouse models, we suggest a model which proposes that defects in myofibrillogenesis and polarization in trabecular cardiomyocytes underly the common pathogenic mechanism for ventricular noncompaction.
Introduction
Left ventricular noncompaction (LVNC, OMIM604169) is a rare and unique type of cardiomyopathy which has gained increasing attention in the past decade [1] [2] [3] . LVNC was initially described in 1926 as spongy myocardium [4, 5] . The incidence among 0-to 10-year olds was around 0.12 per 100,000/year [6] . In the pediatric population, LVNC is the third most common cardiomyopathy after dilated cardiomyopathy and hypertrophic cardiomyopathy [7] [8] [9] . Its prevalence was recently estimated at 0.05% in adults [10] . An article by Oechslin and Jenni presented a thorough clinical review of LVNC, including the diagnostic criteria, the epidemiology, the clinical presentation, outcome and management, the use of cardiac magnetic resonance imaging (MRI) to overcome the potential misdiagnosis by commonly used echocardiography, as well as the genetic heterogeneity of LVNC [3] . Despite these important clinical observations over the past 25 years, the underlying molecular mechanism(s) which give rise to LVNC are still largely unknown. LVNC was classified as one of the five inherited cardiomyopathies by American Heart Association in 2006, and as an unclassified cardiomyopathy by the European Heart Association in 2008. This conflict of view in part reflects the poor genotype-phenotype association in LVNC patients and the limited understanding of the molecular control of normal compaction during ventricular myocardial development. Here, we describe the normal compaction process in the developing ventricular wall. This is followed by a description of genetic variants associated with LVNC in humans, as well as mouse models exhibiting noncompaction phenotypes. We then propose a working model wherein defects in cell polarity and/or myofibrillogenesis can provide a unifying mechanism for the genesis of LVNC.
The Development of Ventricular Wall
During mammalian heart development, the ventricles undergo a series of morphogenetic events to create a functionally competent ventricular wall [11] [12] [13] , including trabeculation and compaction [14] . The trabeculation and compaction can be viewed as a 4-step process and involved with multiple signaling from endocardial-, myocardial-, and epicardial-derived signals (Fig. 1) . The first step involves the formation of a single cell layer of myocardium at an early developmental stage. Following induction via adjacent endoderm (e.g., E8.5 in mouse embryos), the lateral mesoderm gives rise to an early tubular heart, which is composed of one cell layer of myocardium and one cell layer of endocardium lining the lumen, with extracellular matrix (cardiac jelly) in between the two cell layers [11, 15] . The second step involves the formation of the trabeculated myocardium at early midgestation stage (e.g., E9.5-E10.5 in mouse embryos). After the looping, as the myocardium thickens, cardiomyocytes in specific regions along the inner wall of Fig. 1 The development and growth of ventricular wall. The interactive regulation of endocardial-, myocardial-, and epicardial-derived growth factors and signaling networks is critical to the ventricular wall growth, trabeculation, and compaction the heart form sheet-like protrusions into the lumen to give rise to the trabecular myocardium. The outside layer of myocardium remains as the base for forming the compact myocardium. Ventricular trabeculation has been suggested to facilitate oxygen and nutrient exchange in the heart muscle and to enhance heart muscle force generation to match the increasing blood and oxygen demand in developing embryos [14] . The third step involves myocardial compaction at late midgestation stage (e.g., E12.5-E13.5 in mouse embryos). As development proceeds, the trabecular myocardium collapses towards the myocardial wall in a process termed compaction, which contributes to forming a thicker, compact ventricular wall. The majority of trabeculae thus become incorporated into the compacted wall after E14.5 in mouse embryos [14, 16] . The fourth step is the formation of a mature and multilayered spiral myocardium during late fetal and neonatal stage [17] . Unlike the skeletal muscle, the ventricular myocardium consists of aggregated myocytes within a three-dimensional mesh. A series of elegant studies by Anderson and colleagues demonstrated that myocytes in the subendocardial and subepicardial layers of the myocardium form helical sheets with reciprocal angulation, whereas the myocytes at the middle layer form a circular sheet [18] [19] [20] [21] [22] [23] [24] [25] . This unique myocardial structure is believed to be essential for normal contractile function of the heart. The mechanism by which it regulates this morphogenic process is unknown. Whether ventricular trabeculation and compaction are part of this dynamic process requires further investigation.
Genetics of LVNC
LVNC presents as at least eight different forms, depending on the nature of associated phenotypes [10] : (1) a mild form with normal left ventricular size, wall thickness, systolic function, and diastolic function; (2) in association with dilated cardiomyopathy; (3) in association with hypertrophic cardiomyopathy; (4) in association with hypertrophic/dilated-mixed cardiomyopathy; (5) in association with restrictive cardiomyopathy; (6) biventricular noncompaction; (7) in association with early onset of arrhythmia; and (8) in association with congenital heart defects. Given this vast etiologic heterogeneity, it is not surprising that the genetics for LVNC is heterogeneous, with many different causative genes as well as multiple disease-causing mutations in each gene.
Tafazzin (TAZ/G4.5) is the first known disease-causing genetic mutation for LVNC in association of Barth syndrome. LVNC is one of the several clinical hallmarks of Barth syndrome. Tafazzin catalyzes cardiolipin biosynthesis [26, 27] . Normal cardiolipin is critical to mitochondrial bioenergetic function. Subsequently, genetic screening of many LVNC patients identified a handful of genetic mutations associated with LVNC, such as β-myosin heavy chain (βMHC/MYH7), myosin binding protein C (MYBPC3), α-cardiac actin (ACTC1), cardiac troponin T (TNNT2), cardiac troponin I (TNNI3), myosin light chains (MYL2, and MYL3), α-dystrobrevin, lamin A/C (LMNA), ZASP/LBD3, and dystrophin [28, 29] . Interestingly, most of these genes are part of myofibril structure and are associated with contractile function. In addition, mutations in genes encoding the voltage-gated sodium channel (SCN5A) and the potassium/sodium hyperpolarization-activated cyclic nucleotidegated channel (HCN4) were also associated with LVNC [30, 31] . These genes are known to be involved in other forms of inherited cardiomyopathies. It is puzzling how these genetic variants could lead to ventricular noncompaction in the developing hearts. One report suggested that the presence or absence of a sarcomere gene mutation in LVNC does not predict the LVNC clinical phenotype [32] , further questioning whether a specific genetic etiology and pathogenic pathway/s are existed for LVNC. A mutation in gene encoding mindbomb homolog 1 (MIB1) is found in association with a familial case of LVNC. MIB1 is an E3 ubiquitin ligase that regulates the endocytosis of the Notch ligands Delta and Jagged. Notch-mediated signaling is believed to be involved in many morphogenetic events, and thus may be a missing link to explain the disease-causing mechanism. In addition, the recent advances in the use of genetic-modified mouse to create LVNC disease models have generated much hope to finally understand the etiology of LVNC.
The Controversial Interpretation of the Role of Cardiomyocyte Proliferation in the Genesis of the LVNC Phenotype
In the past decade, efforts were made to use genetic technology to model LVNC in mice (summarized in Table 1 ). A good example was the work by Phoon and his colleagues, used an inducible shRNA transgenic approach to knockdown tafazzin in mice (TAZKD), and studied the pathogenesis of Barth syndrome and LVNC [33] . As expected, Tafazzin knockdown led to altered cardiolipin and mitochondrial ultrastructure, as well as prenatal and perinatal lethality due to altered cardiac function [33] . The defects of TAZKD hearts mimicked some clinical phenotype of ventricular noncompaction, which appeared as early as E13.5 and thus providing an animal model for Barth syndrome and LVNC [33] . Another example is that the myocardial-specific knockout of Mib1 recapitulates the clinical hallmarks of LVNC [34] , confirming the notion that Notch signaling is a critical contributor to the pathogenesis of LVNC. However, many other mouse models harboring mutations in genes associated with LVNC in humans failed to produce LVNC phenotype. For example, a missense mutation at codon 96 (from GAG to AAG) in exon 10 of the cardiac troponin T gene (TNNT2) is found 
Nuclear protein and transcriptional regulator, and necessary for mouse embryogenesis
The jmj homozygous mouse embryos showed heart malformations, including the ventricular septal defect, noncompaction of the ventricular wall, double outlet right ventricle, and dilated atria PBP/TRAP220 Loss-of-function [38] Functions as a nuclear receptor coactivator, working with coactivators to direct transcriptional initiation by the RNA polymerase II apparatus PBP null mutation mice have noncompaction of the ventricular myocardium and resultant dilatation and cause embryonic lethality at E11.5 Peg1(Mest) Loss-of-function [39] Mesoderm specific, encodes a member of the alpha/beta hydrolase superfamily, has isoform-specific imprinting, and plays a role in development Peg1 knock out mice have a subtle alteration in the pattern of trabeculation: an increase in thickness and reduction in density of the compact myocardium TACE (ADAM17) Loss-of-function [40] Member of a family of transmembrane and secreted metalloendopeptidases. Involving cell-cell and cell-matrix interactions, including fertilization, muscle development, and neurogenesis TACE null mutation die at birth, phenotypes include the failure of eyelid fusion, hair and skin defects, abnormalities of lung development, markedly enlarged fetal hearts with increased myocardial trabeculation and reduced compaction at late gestation Scrib/Vangl2 Loss-of-function [41] Both involved in PCP signaling and was shown to be involved in synaptic function, neuroblast differentiation, and epithelial polarization Crc mice (Scrib mutant) develop heart malformations, cardiac misalignment defects and ventricular noncompaction. Double heterozygosity of both Scrib and Vangl2 can cause cardiac defects similar to those found in homozygous mutants for each gene but without other major defects Vangl2 Loss-of-function [42] A membrane protein involved in the regulation of planar cell polarity, especially in the stereociliary bundles of the cochlea Lp mice (Vangl2 mutant) develop double outlet right ventricle with perimembranous ventricular septal defects and aortic arch defects, and the defects are caused by mutations in the Vangl2 gene, mutant ventricles have characteristics of noncompaction PTPN11(SHP2) Q79R Gain-of-function mutation [43] Regulate a variety of cellular processes including cell growth, differentiation, mitotic cycle, and oncogenic transformation SHP2 (Q79R) transgenic mice selectively activated the ERK 1/2 pathway and cause aberrant cardiac architecture during cardiac development, including ventricular noncompaction FRNK Gain-of-function mutation [44] Cytoplasmic protein tyrosine kinase found in the focal adhesions that form between cells growing in the presence of extracellular matrix Cardiac-specific over-expression of FRNK 5 lead to a severe ventricular noncompaction defect associated with reduced cardiomyocyte proliferation cTNT(E96K) Gain-of-function mutation [35] 
The protein located on the thin filament of striated muscles and regulates muscle contraction in response to alterations in intracellular calcium ion concentration. cTNT (E96K) is linked to LVNC cTNT mutant mice displayed an impaired left ventricular function and induction of marker genes of heart failure. Left ventricular noncompaction was not observed Gbe1(E609X) Loss-of-function [45]

Encodes a glycogen branching enzyme that adds short glucosyl chains in α-1,6 glycosidic links to the glycogen molecule to yield a branched polymer with increased water solubility and glycogen synthetic activity
The ENU-induced Gbe1 mutant mice exhibit abnormal cardiac development, including hypertrabeculation and noncompaction of the ventricular wall. Poor ventricular function in late gestation and ultimately cause heart failure, fetal hydrops and embryonic lethality Daam1 Loss-of-function [46] A potential noncanonical Wnt/PCP signaling effector, involved in cell polarity and actin polarization Daam1-deficient mice exhibit embryonic and neonatal lethality and suffer multiple cardiac defects, including ventricular noncompaction, double outlet right ventricles and ventricular septal defects YWHAE Loss-of-function [47] Ywhae belongs to the 14-3-3 family of proteins which mediate signal transduction by binding to phosphoserinecontaining proteins, also called 14-3-3ε Ywhae-deletion led to ventricular noncompaction and selective reduction in compact myocardium thickness Tafazzin (TAZ) Loss-of-function [33] Located in mitochondria, involved in altering a fat (lipid) called cardiolipin, which plays critical roles in the mitochondrial inner membrane TAZ knockdown (TAZKD) mice died within the neonatal period, mutant hearts show myocardial thinning, hypertrabeculation and noncompaction, and defective ventricular septation 1 3
to associate with a familial case of LVNC. Transgenic mice expressing this mutation in the heart exhibit altered cardiac function and cardiomyopathy, but histological analyses have excluded LVNC phenotype [35] . This discrepancy could be multiple; one likely cause is due to the experimental system with the transgenic overexpression, which may not mimic pathogenic pathway. Many mouse models represent the severe form of LVNC with various CHD. These mutant mice die at embryonic stage, suggesting that these genes are critical to cardiogenesis and that mutations in these genes in human likely lead to premature death in utero. Nevertheless, the detailed molecular 
Plays important role in signaling pathway known as the RAS/MAPK pathway and its mediated cellular function Braf
Q241R/+ mice manifested embryonic/neonatal lethality, showing liver necrosis, edema, craniofacial abnormalities, and multiple heart defects, including cardiomegaly, enlarged cardiac valves, ventricular noncompaction and ventricular septal defects Casz1 Loss-of-function [50] Encodes a zinc finger transcription factor, function as a tumor suppressor, and single nucleotide polymorphisms in this gene are associated with blood pressure variation Casz1 deletion in mice resulted in abnormal heart development including hypoplasia of myocardium, cardiac noncompaction, ventricular septal defect, and disorganized morphology SLC25A5/ANT2 Loss-of-function [51] Functions as a major component in the mitochondrial permeability-transition pore complex that promotes the exchange of mitochondrial ATP with cytosolic ADP Ant2-null embryos showed E14.5 lethality with cardiac developmental failure, immature cardiomyocytes, cardiomyocyte hyperliferation, and cardiac failure due to hypertrabeculation/noncompaction S1pr1 Loss-of-function [52] Structurally similar to G protein-coupled receptors and is highly expressed in endothelial cells. It has an important role in regulating endothelial cell cytoskeletal structure, migration, capillary-like network formation and vascular maturation S1pr1 conditional knockout showed ventricular noncompaction and ventricular septal defects and perinatal lethality in majority of mutants NUMB/NUMBL Loss-of-function [53] 
Plays a role in the determination of cell fates during development. Its primary function in cell differentiation is as an inhibitor of Notch signaling which is essential for maintaining self-renewal potential in stem and progenitor cells Loss of NUMB or both NUMB and NUMBL in cardiomyocytes results in ventricular noncompaction phenotypes Rlf
Loss-of-function [54] Encodes a Zinc finger protein, acts as an epigenetic modifier maintaining low levels of DNA methylation at CpG island and enhancers across the genome Two independent Rlf ENU mutant lines showed heart defects resembling LVNC at E11.5-E14.5 Lrp2 Loss-of-function [55] Critical for the reuptake of numerous ligands, including lipoproteins, sterols, vitamin-binding proteins, and hormones Lrp2 knockout mice display a range of severe cardiovascular abnormalities, including aortic arch anomalies, common arterial trunk (persistent truncus arteriosus) with coronary artery anomalies, ventricular septal defects, overriding of the tricuspid valve and marked thinning of the ventricular myocardium Slc39a8 Loss-of-function [56] analyses on these mouse models have helped us in understanding the potential pathogenic pathways contributing to LVNC. Surveying the literature reveals that some mice develop LVNC due to altered signaling in Notch signaling via either endocardial-mediated pathway or myocardial-mediated pathway, including Fkbp1a-deficient mouse models, Numb/Numblike-deficient mouse models, Jarid2 (Jumonji)-deficient mouse model, and Mib1-deficient mouse model. Two commonly known features of these LVNC models are that the altered Bmp10 expression and altered cardiomyocyte proliferation. However, reduced level of Bmp10 expression and a concomitant reduction in cardiomyocyte proliferation is observed in Mib1-deficient hearts, whereas increased level of Bmp10 expression and a concomitant increase in cardiomyocyte proliferation are seen in other mutant models. Currently, it is rather controversial if up-or down-regulation of cardiomyocyte proliferation is the key factor in contributing to the LVNC pathogenic pathway. The likely answer to the debate is that neither the up-nor down-regulation of cell proliferation is directly relevant to the pathogenesis of LVNC.
Clues from Daam1-Deficient Mice Suggest a Common Molecular Etiology for LVNC
Disheveled-associated activator of morphogenesis 1 (Daam1) is a potentially important effector for noncanonical Wnt pathway signaling, especially the Wnt/Planar cell polarity (PCP) signaling. The key features for PCP signaling include the control of cellular alignment and orientation in polarized tissues [59, 60] . Wnt/PCP signaling has an essential function in embryonic patterning and organogenesis, more specifically in the regulation of gastrulation, neurulation, and hair cell polarity within the inner ear in mouse and within the lateral line in zebrafish [59, 60] . Cardiomyocytes are not epithelial cells and do not have a classic PCP phenotype. However mature cardiomyocytes are highly polarized with the majority of cell-cell junction proteins located at intercalated disc, joining cell end to end (i.e., distal-proximal axis), whereas the attachment to the extracellular matrix is on their lateral surface [61, 62] . Interestingly, the immature cardiomyocytes at early embryonic hearts are mostly polygonal or spherical and thus lack an overt PCP phenotype [61, 62] . Daam1-deficient mice develop LVNC, double outlet ventricle (DORV), and ventricular septal defect (VSD); the majority of these mice die in utero [46] . Most importantly, Daam1-deficient hearts have normal cardiomyocyte proliferation and Bmp10 expression, indicating that altered cell cycle activity is not required for ventricular noncompaction phenotype [46] . In contrast, cardiomyocyte myofibrillogenesis, sarcomere formation, cardiomyocyte polarization, cell-cell alignment, and cell-cell junction are altered in these mice, raising the possibility that defects in cardiomyocyte myofibrillogenesis and polarization during ventricular development are the common pathogenic pathway of LVNC. Supporting this hypothesis, Fkbp1a-deficient hearts have defects in cardiomyocyte myofibrillogenesis and polarity. Further support comes from the observation that the majority of genetic variants associated with LVNC in humans are in genes encoding sarcomeric proteins, related binding proteins, and cytoskeletal proteins, which clearly can affect the myofibrillogenesis and cellular polarity in cardiomyocytes. It is now important to evaluate all reported LVNC mouse models (Table 1) and to determine whether defects in myofibrillogenesis and cardiomyocyte polarity are common in all these models (Fig. 2) .
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